Microphysiological systems (MPS), or ''organ-on-a-chip'' platforms, aim to recapitulate in vivo physiology using small-scale in vitro tissue models of human physiology. While significant efforts have been made to create vascularized tissues, most reports utilize primary endothelial cells that hinder reproducibility. In this study, we report the use of human induced pluripotent stem cell-derived endothelial cells (iPS-ECs) in developing three-dimensional (3D) microvascular networks. We established a CDH5-mCherry reporter iPS cell line, which expresses the vascular endothelial (VE)-cadherin fused to mCherry. The iPS-ECs demonstrate physiological functions characteristic of primary endothelial cells in a series of in vitro assays, including permeability, response to shear stress, and the expression of endothelial markers (CD31, von Willibrand factor, and endothelial nitric oxide synthase). The iPS-ECs form stable, perfusable microvessels over the course of 14 days when cultured within 3D microfluidic devices. We also demonstrate that inhibition of TGF-b signaling improves vascular network formation by the iPS-ECs. We conclude that iPS-ECs can be a source of endothelial cells in MPS providing opportunities for human disease modeling and improving the reproducibility of 3D vascular networks.
Introduction
N early every tissue within the human body relies on vasculature for delivery of nutrients and oxygen and removal of waste. In addition, the endothelial cells (ECs) that line the vasculature play critical roles in organ development, homeostasis, and disease progression. [1] [2] [3] The burgeoning field of microphysiological systems (MPS, or ''organ-on-a-chip'') seeks to create human tissue mimics at the micron to millimeter scale. These model systems have important applications in the areas of in vitro pharmacokinetic modeling, drug toxicity, and drug efficacy. The incorporation of dynamic and functional vascular networks into MPS remains a priority, as it significantly advances the physiological relevance of these systems. [4] [5] [6] [7] A variety of methods have been developed for creating three-dimensional (3D) vasculature in vitro, [8] [9] [10] but we and others have focused on utilizing the native vasculogenic program of endothelial cells to spontaneously form robust and perfusable vascular networks in microfluidic devices. [11] [12] [13] [14] [15] [16] [17] [18] Such methods are amenable to including other functional cells types (e.g., hepatocytes, cardiomyocytes) to create complex, vascularized tissues that may be used for drug screening and mechanistic studies.
applications may also include using iPSC-derived endothelial cells (iPS-ECs) as an autologous cell source for regenerative medicine.
Several differentiation protocols now exist to create endothelial cells from hPSCs, usually defined by the expression of definitive endothelial markers such as platelet-endothelial cell adhesion molecule-1 (PECAM1, or CD31), vascular endothelial (VE)-cadherin (CD144), endothelial nitric oxide synthase (eNOS), and von Willebrand factor (vWF). [28] [29] [30] However, studies that investigate their potential uses in MPS have been limited. Belair et al. 18 recently showed promising results using iPS-ECs for various in vitro assays that demonstrate their physiological functions. In particular, they demonstrate the key roles of VEGF and FGF signaling in sprouting angiogenesis of iPS-ECs. Most previous works have used primary cell sources such as human umbilical vein endothelial cells (HUVECs) and endothelial colony-forming cell-derived endothelial cells (ECFC-ECs), with ECFC-ECs being considered the desired cell source due to their high proliferative capacity and vasculogenic potential. 31 It is of great interest in the field to further understand how iPS-ECs perform in these platforms, thus providing an important alternative to primary endothelial cells.
Herein, we investigate the vasculogenic potential of iPSECs derived from an mCherry-VE-Cadherin fusion protein reporter iPSC line. The cells demonstrate physiological functions of endothelial cells, display a predominantly venous phenotype, respond to shear stress, and form perfusable vascular networks within 3D microfluidic devices. We also demonstrate drug screening capabilities of the platform by observing changes in the vasculature in response to small molecule inhibitors.
Materials and Methods

Cell culture
Two human iPSC lines were used in the experiments: WTC11 (gifted by Dr. Bruce Conklin, Gladstone Institutes) and C2A (gifted by Dr. Gordana Vunjak-Novakovic, Columbia University). The iPSCs were cultured as described previously, 32 with modifications. Briefly, the cells were grown on six-well plates coated with growth factor reduced Matrigel (Corning) in Essential 8 (E8) medium (Thermo Scientific) with daily media replacement. The cells were passaged at 80% confluence using StemPro Accutase (Life Technologies) and seeded on Matrigel-coated plates in the E8 medium containing 10 mM Y-27632 (LC Laboratories). All cells were cultured at 37°C and 5% CO 2 .
Human umbilical arterial endothelial cells (HUAECs), HUVECs, and human dermal lymphatic endothelial cells (HDLECs) were purchased from PromoCell and cultured according to manufacturer's protocols. ECFC-ECs were isolated and cultured as described previously.
11 Normal human lung fibroblasts (NHLF) were purchased from Lonza and cultured according to manufacturer's protocols. The cells were used between passages 3 and 7.
CDH5-mCherry iPSC line
The CDH5-mCherry-tagged cell line was generated from the GCaMP6-WTC11 human iPSC line 33 by the Genome Engineering and iPSC Center (GEiC), Washington University in St. Louis. The GCaMP6-WTC11 line constitutively expresses GCaMP6 and can thus be used to report changes in intracellular calcium. Approximately, 2 · 10 6 WTC11 iPSCs were resuspended in P3 primary buffer and electroporated using a 4D-Nucleofector (Lonza) with 1.5 mg of CDH5-mCherry donor plasmid (GeneArt), 1 mg guide RNA (gRNA; MS232.CDH5.g11 targets 5¢-taggcggccgaggtcactc tgg-3¢ near the CDH5 stop codon) and 1.5 mg Cas9 vectors using nucleofection program CA-137. Following nucleofection, cells were single-cell sorted and screened with polymerase chain reactions (PCRs) using primer sets specific to genomic and donor plasmid regions. The overall nucleofection efficiency was 50-60% based on the expression of a codelivered GFP construct. CDH5-mCherry-tagged region of final clones was sequence confirmed using Sanger sequencing.
Derivation and isolation of iPS-ECs
The iPS-ECs were differentiated following a previously established protocol (Fig. 1A) . 34 Briefly, *80% confluent iPSCs were split 1:4 onto Matrigel-coated tissue culture flasks as described above (day 0). Between days 0 and 2 of differentiation, the cells were cultured in the E8BA medium, which consisted of E8 medium supplemented with 5 ng/mL BMP4 (R&D) and 25 ng/mL Activin A (PeproTech), with daily medium replacement. On day 0 of differentiation, 10 mM Y-27632 was added to the E8BA medium. Between days 2 and 6 of differentiation, the cells were cultured in the E7BVi medium, which consisted of Essential 6 (E6) medium supplemented with 100 ng/mL FGF2 (PeproTech), 10 ng/mL BMP4, 50 ng/mL VEGF-A (PeproTech), and 5 mM TGF-b inhibitor SB431542 (STEMCELL Technologies), with daily medium replacement. On day 6, the cells were passaged using TrypLE (Life Technologies) and sorted using the CD31 Microbead Kit (Miltenyi Biotec) and EasySep Ô Magnet (STEMCELL Technologies) following manufacturer's protocols. After purification, the CD31 + cells were cultured on tissue culture flasks coated with human fibronectin (1 mg/cm 2 ; Millipore) in the E7V medium (E6 + 100 ng/mL FGF2 + 50 ng/mL VEGF-A). The cells were passaged on day 8 using TrypLE and frozen in CryoStor10 (STEMCELL Technologies) at 1 · 10 6 cells/mL. All experiments were performed using cells between days 10 and 18 differentiation.
Quantitative real-time PCR RNA was isolated using the RNeasy Plus Mini kit (QIAGEN) following manufacturer's protocols. RNA concentration was measured using NanoDrop 2000 (Thermo Scientific), and complementary DNA (cDNA) was produced using the High Capacity RNA-to-cDNA kit (Life Technologies). TaqMan Universal Master Mix II and TaqMan Gene Expression Assays (Life Technologies) were used to assess gene expression (Supplementary Table S1 ; Supplementary Data are available online at www.liebertpub.com/tec). The quantitative PCR (qPCR) reactions were performed using the CFX96 Real-Time PCR Detection System (Bio-Rad). All reactions were performed in duplicate using 18S as an endogenous control gene and analyzed using the comparative C t method, 35 normalizing the expression level to ECFCECs using the formula 2 , where
The natural log of the ratio of ephrinB2
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and EphB4 expression was used to represent arterial versus venous phenotype, as previously described.
36
Microfluidic device fabrication and culture
The microfluidic device was fabricated using standard soft lithography and replica molding techniques, as described previously. 11, 22, 37 The devices were cast of polydimethylsiloxane (PDMS), plasma bonded onto glass slides, and sterilized before cell loading. For shear stress experiments, the devices were coated with fibronectin for 1 h at 37°C before introducing the cells at 2 · 10 7 cells/mL in a total volume of 2 mL. The cells were incubated for 2 h at 37°C before feeding with the E7V medium to flush out unattached cells. For the 3D vasculogenesis assays, the devices were loaded through the side-loading channel with 1 · 10 7 iPS-EC/mL and 5 · 10 6 NHLF/mL in 10 mg/mL fibrinogen (Sigma-Aldrich) and 0.25 U/mL aprotinin (Sigma-Aldrich) in 7.5 mL volume mixed with 0.9 mL of thrombin (3 U/mL final concentration; Sigma-Aldrich). The fibrin gel was polymerized for 15 min at 37°C before coating the fluidic lines with fibronectin (100 mg/mL). The devices were incubated for an additional 15 min at 37°C before feeding with endothelial growth medium 2 (EGM-2; Lonza) containing 0.25 U/mL aprotinin.
Vasculogenesis device analysis
The cocultured iPS-ECs and NHLF were imaged and fed with EGM-2 every 2 days, with alternating interstitial flow directions using a 5 mm H 2 O hydrostatic pressure difference across the tissue chambers. Where indicated, SB431542 or sunitinib was supplemented at concentrations of 10 and 0.1 mM, respectively. The barrier function of the vasculature was tested by introducing 70 kDa FITC dextran (Molecular Probes) or fluorescent 1 mm diameter FluoSpheres Ò microspheres (Molecular Probes) through the media channel. The devices were fixed for immunofluorescence on day 14. For vessel area quantification, a region of interest (ROI) was selected to outline the chamber using ImageJ (National Institutes of Health [NIH]). A Gaussian blur was applied to reduce noise; then, the image was thresholded to create a binary image. The erode function was used to further reduce noise, and the area was measured within the ROI. For vessel length quantification, segmented lines were manually traced over the vessels within the ROI. The ratio of the vessel area and the vessel length was used to quantify the average vessel diameter. Each of the three chambers within the microfluidic device was analyzed separately, and each experimental condition consisted of at least three independent devices. The images were blinded for analysis.
Statistical analysis
All experiments were performed using at least three biological replicates. Significance was calculated using one-way analysis of variance (ANOVA) in conjunction with Tukey's multiple comparison test or Dunnett's multiple comparison test, with p-values <0.05 considered statistically significant. For the vessel analysis, two-way ANOVA in conjunction with Sidak's multiple comparison test was used. All results are reported as mean -standard deviation. Data were compiled, analyzed, and graphed using Microsoft Excel and GraphPad Prism 6.
Additional information and explanation of methods can be found in the Supplementary Data.
Results
Physiological characterization of iPS-ECs
The iPS-ECs were differentiated using a monolayer, serum-free differentiation protocol as diagramed (Fig. 1A) .
FIG. 1. Differentiation, isolation, and basic characterization of iPS-ECs. (A)
Schematic of the iPS-EC differentiation protocol. The iPS-ECs were isolated using MACS for CD31 on day 6. (B) The differentiated cells were analyzed for CD31 expression by flow cytometry on day 6 (i) before sorting, (ii) after MACS sorting, and (iii) 12 days of culture after sorting. Blue = isotype control. The expression of definitive endothelial markers was confirmed using immunofluorescence for (C) CD31, (D) VE-cadherin, (E) vWF, and (F) eNOS. Day 6 of differentiation yielded a cell population that was 47.1% -14.5% CD31 + (Fig. 1Bi ) before magnetic sorting. Following magnetic sorting, the cell population was purified to 94.8% -2.9% CD31 + (Fig. 1Bii) . The cells were then grown on fibronectin-coated tissue culture plastic, and an additional 12 days of culture further enriched for iPS-ECs, yielding 98.3% -0.9% CD31 + cells (Fig. 1Biii) . The sorted iPS-EC population also expressed the endothelial progenitor cell (EPC) marker CD34 (82.4% -9.6%), while a small subpopulation stained positively for another EPC marker CD133 (5.90% -1.11%) ( Supplementary Fig. S1A, B) . The cells did not express the hematopoietic marker CD45 (0.87% -0.19%), while staining positively for the mesenchymal marker CD90 (93.2% -3.39%), which has previously been shown to be expressed in EPCs ( Supplementary  Fig. S1C, D) . 38, 39 The resulting cells demonstrated a ''cobblestone'' morphology characteristic of primary endothelial cells, including HUAECs, HUVECs, HDLECs, and ECFC-ECs (Supplementary Fig. S2A ). These cells also had protein expression characteristic of endothelial cells, including expression of CD31 and VE-cadherin that predominantly colocalized at cell junctions (Fig. 1C, D) and cytoplasmic expression of vWF and eNOS (Fig. 1E, F) . ECFC-ECs were used as positive control, while isotype IgG antibodies were used as negative controls ( Supplementary  Fig. S2B, C) . Successful differentiation and isolation was achieved using two different human iPSC lines (Supplementary Fig. S2D ). The iPS-ECs thawed from day 8 of differentiation underwent an approximately sevenfold increase in cell number before undergoing senescence ( Supplementary  Fig. S2E ). Culturing the iPS-ECs in EGM-2 instead of the E7V medium resulted in observable dedifferentiation of the iPS-ECs into cells of stromal-or smooth muscle-like morphology ( Supplementary Fig. S2F ).
Phenotypic characterization of iPS-ECs
In addition to the definitive endothelial markers, we investigated the expression of markers that define arterial, venous, and lymphatic endothelial phenotype. We specifically measured the ratio of the expression of the putative arterial and venous markers (ephrinB2 and EphB4, respectively). 40, 41 The results were compared to primary human endothelial cells of known phenotype and normalized to ECFC-ECs as the progenitor endothelial cell control. As expected, the HUAECs had a more arterial-like phenotype compared to ECFC-ECs (higher ratio of ephrinB2 to EphB4), while HUVECs and HDLECs had a more venous-like phenotype ( Fig. 2A) . The iPS-ECs also demonstrated a strong venous phenotype compared to ECFC-ECs ( Fig. 2A) . To distinguish between venous and lymphatic endothelial phenotype, we investigated the expression of three different lymphatic endothelial markers: lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1), prospero homeobox protein 1 (PROX1), and podoplanin (PDPN). As expected, the HDLECs showed a positive expression of all three markers (Fig. 2B) . The iPS-ECs showed low expression of PDPN and PROX1, but showed high expression of LYVE-1 (Fig. 2B) . A similar expression pattern was observed for the ECFC-ECs (Fig. 2B) . The expression pattern of the lymphatic markers for iPS-ECs and HDLECs was confirmed using immunofluorescence (Fig. 2C) .
CDH5-mCherry iPSC line
Using CRISPR/Cas9, we established a mCherry-VEcadherin reporter iPSC line. The iPS-ECs derived from the CDH5-mCherry iPSC line (CDH5-iPS-EC) demonstrated robust mCherry signal that colocalized to the cell junctions, as well as an accumulation of the signal near the cell nucleus (Fig. 3A) . Since VE-cadherin is involved in maintaining endothelial barrier function, 42 we investigated whether the fusion protein impacted the permeability of the CDH5-iPS-EC monolayer. Using a Transwell permeability assay, we observed no statistically significant difference in the diffusion of 70 kDa dextran between the CDH5-iPS-ECs, iPS-ECs, and ECFC-ECs (Fig. 3B) . All three EC types demonstrated significantly lower permeability of 70 kDa dextran compared to fibroblasts, with permeability values comparable to previous studies using primary VE cells (4.73 · 10 -6 -0.85 · 10 -6 cm/s for CDH5-iPS-ECs) (Fig. 3B) . 43, 44 We also studied the ability of CDH5-iPS-ECs to form tube-like structures on Matrigel (Fig. 3C) . Again, we observed no statistically significant difference between CDH5-iPS-ECs, iPS-ECs, and ECFCECs (Fig. 3D) . In addition, we tested the physiological response of CDH5-iPS-ECs to thrombin, which induces EC retraction through the redistribution of VE-cadherin. 45 Timelapse imaging of the CDH5-iPS-ECs showed dissociation of the mCherry-VE-cadherin signal at cell junctions in response to thrombin, resulting in EC retraction and formation of intercellular gaps (Fig. 3E and Supplementary Video S1).
iPS-EC response to shear stress
Using the CDH5-iPS-ECs, we investigated the cellular response to an applied shear stress. We utilized a microfluidic device that consisted of microfluidic lines 10 mm in length with cross-sectional dimensions of 800 and 100 mm in width and height, respectively. Using finite element modeling to determine the fluid shear stress, we set the fluid flow within the line to produce an average shear stress of 4 dynes/cm 2 ( Supplementary Fig. S3 ). The cells were observed using timelapse imaging of the mCherry-VE-cadherin signal, and morphological changes were observed over the course of 20 h (Fig. 3E) . Using circularity as a morphological index, we observed significant elongation of the cells in response to shear stress (Fig. 3F) .
Three-dimensional iPS-EC vascular networks
We next investigated the ability of CDH5-iPS-ECs to form 3D vascular networks by coculturing them with fibroblasts in microfluidic devices (Fig. 4A) . Using the mCherry-VEcadherin signal to track vessel formation, we observed the development of a robust vessel network over the course of 14 days (Fig. 4B and quantitative analysis in Fig. 5 ). The iPSECs undergo vacuole formation and aggregate into tube-like structures in the first 48 h, as previously observed using primary ECs (Supplementary Fig. S4A ). 46 The microvessel network connected to the top and bottom microfluidic lines (Fig. 4C) , enabling the flow of media through the vascular networks without leakage into the surrounding tissue space. The vessels have a complete lumen as confirmed by staining for CD31 and imaging using confocal microscopy (Fig. 4D) . Costaining for laminin, a basement membrane protein, we observed the localization of laminin on the outer wall of the HUMAN iPS-ECs FOR 3D MICROPHYSIOLOGICAL SYSTEMS 477 microvessels as outlined by CD31 (Fig. 4E) . The vascular network demonstrates a physiological barrier function, as they effectively retain fluorescently labeled 70 kDa dextran (Fig. 4F ). Furthermore, we were able to flow 1 mm beads through the vessels (Fig. 4G) .
Supplementation of small molecule TGF-b inhibitor
Since TGF-b inhibition has an established effect of enhancing iPS-EC proliferation in monolayer culture, 47 we explored whether TGF-b inhibition also leads to improved vessel network formation. A small molecule TGF-b inhibitor (SB431542) was supplemented into the growth medium and the vessel formation was compared to the control condition (Fig. 5A ). The addition of SB431542 resulted in a significant increase in vessel length (26-49%) at all measured time points (days 6, 10, and 14) (Fig. 5B) . The increase in vessel area (23-57%) was statistically significant for days 6 and 10 and showed a strong positive trend for day 14 ( p = 0.12) (Fig. 5C) . No statistically significant difference in the average vessel diameter was observed at all three time points (Fig. 5D) .
Vessel response to antiangiogenic drug
To further demonstrate the utility of the platform, we investigated the effects of the antiangiogenic drug sunitinib.
FIG. 2. Phenotype characterization of iPS-ECs. (A)
The ratio of ephrinB2 to EphB4 expression levels measured by qPCR. The expression levels are normalized to ECFC-ECs, with values >0 indicating a more arterial phenotype than ECFC-ECs. HUVECs, HDLECs, and iPS-ECs demonstrate a more venous phenotype than ECFC-ECs. *p < 0.05 compared to iPS-ECs. Sunitinib is a multitargeted tyrosine kinase inhibitor used for cancer treatment due to its antiangiogenic and antitumor activities. 48, 49 On day 6 of culture, sunitinib was added to the medium at 100 nM, and we observed a statistically significant reduction in the total vessel area compared to control (Fig. 5E ).
Discussion
In this study, we characterized critical physiological functions of iPS-ECs using two-dimensional (2D) and 3D in vitro cultures. The iPS-ECs demonstrated the expression of several definitive endothelial cell markers and maintained this expression pattern even after 12 days of culture in a serum-free medium. We established a novel CDH5-iPS-EC line expressing the mCherry-VE-cadherin fusion protein, which was used to perform live cell imaging at various time points over the course of a single experiment. The gene expression pattern of the iPS-ECs suggests a venous-like endothelial phenotype compared to ECFC-ECs. The iPS-EC monolayer demonstrates physiological barrier functions, a shear stress response, and the ability to form vessel structures when cultured on Matrigel. In 3D, the iPS-ECs are capable of undergoing vasculogenic and angiogenic processes to form robust, perfusable vascular networks. Finally, we demonstrate that the iPS-EC vascular networks are responsive to small molecule inhibitors that have angiogenic or antiangiogenic effects. Thus, the CDH5-iPS-EC line provides a convenient yet robust model that is consistent with the physiological characteristics of primary ECs. Based on their ability to form 3D perfused vascular networks, we believe iPS-ECs have the potential to be used in a wide range of in vitro and in vivo tissue engineering applications.
The iPS-EC differentiation protocol utilized in this study has several advantages compared to several previously established differentiation protocols. The differentiation does not vary in technique from the standard monolayer, feeder-free culture of hPSCs, requiring no additional steps for embryoid body formation or suspension culture. The differentiation and maintenance media are serum free, which minimize the variability in the differentiation protocol. Bao et al. 50 recently reported the successful differentiation of human iPS-ECs using chemically defined, albumin-free media and xenogen-free substrate (Synthemax vitronectin). While their reported differentiation efficiency is lower than achieved in this study (*30% vs. *45%), further advancements in chemically defined differentiation protocols could further improve reproducibility and translational applications.
In addition, selecting an appropriate iPS-EC differentiation strategy requires careful consideration of the intended application and function of the tissue. While the iPS-ECs derived in this study demonstrated a predominantly venous phenotype, previous studies have reported a more arterial phenotype, especially when cultured in high concentrations of VEGF-A. [51] [52] [53] Other groups have reported an indeterminate phenotype, which may be an indication of the immaturity of iPS-ECs. 36, 54 Differences are likely due to the distinct differentiation protocols utilized by the different research groups, highlighting the sensitivity in differentiating ECs from hPSCs and that further work is needed to better control this process. The expression of LYVE-1 without the expression of other lymphatic markers is consistent with previous findings. 47, 54 It has been shown that LYVE-1 expression is not limited to lymphatic ECs, 55 and the lack of expression of PROX1 and PDPN strongly suggests that the iPS-ECs in our study are indeed more venous like and not lymphatic. It remains to be seen how the phenotype-specific functions of iPS-ECs will influence their potential applications in MPS. In addition to the basic phenotype of the iPS-ECs, it will be critical to consider organ-and tissue-specific functions of endothelial cells to further advance the capabilities of MPS to model the in vivo microenvironment. 2, 29, 56 We established a CDH5-mCherry human iPSC line that can be utilized to generate iPS-ECs expressing an mCherry-VE-cadherin fusion protein. While we did not detect any dysregulation in the CDH5-iPS-EC barrier function or response to thrombin, we observed mCherry signal accumulation around the cell nucleus. We believe that this cytoplasmic mCherry signal is due to VE-cadherin internalization, as VE-cadherin has known mechanisms of endocytosis in response to signaling factors such as VEGF and thrombin. 45, 57 Indeed, some of the mCherry signal can be observed entering the cytoplasm of the cell in response to thrombin (Supplementary Video S1). Similar observations of signal accumulation were made in previous works using HUVECs that expressed fluorescently labeled VE-cadherin by lentiviral transduction. 58, 59 While efficient, lentiviral systems have significant shortcomings, as the gene encoding the fusion protein is randomly inserted into the genome and the expression of the protein is forced through a promoter sequence. The CDH5-mCherry iPSC line utilized CRISPR/ Cas9 to specifically modify the CDH5 gene; thus, the mCherry signal is only observed in cells that express VEcadherin using the native promoter. Further genetic modifications can be made on the CDH5-iPSC line to perform mechanistic studies on VE-cadherin and its role in EC physiology and pathophysiology.
While the iPS-ECs formed 3D vessel networks within the microfluidic device, we utilized a relatively high density of iPS-ECs (1 · 10 7 cells/mL) to achieve consistent vascular network formation. We observed that the iPS-ECs loaded at the same concentration as previous experiments using ECFC-ECs (5 · 10 6 cells/mL) resulted in fragmented vessel networks that did not consistently form a continuous vessel network across the top and bottom fluidic lines (Supplementary Fig. S4B ). In addition, we observed a large number of iPS-ECs within the device that did not integrate into vessel networks. These data suggest that the iPS-ECs have a limited vasculogenic potential compared to the ECFC-ECs and the iPS-EC population may include poorly differentiated cells that have vasculogenic deficiencies. While the iPS-ECs express CD31, additional markers may be necessary to select for a highly vasculogenic iPS-EC subpopulation. For example, neuropilin-1 (NRP-1) is a marker that has been shown to select for a human iPS-EC subpopulation that shows high proliferative capacity and robust vessel network formation in vivo. 24, 60 Hu et al. 61 recently reported that iPSECs differentiated from an iPSC line that originates from ECs (as opposed to fibroblasts) have higher expression of EC markers, suggesting that the cellular origin of the iPSCs may also play a role in iPS-EC functionality. Additional studies are necessary to investigate how to enrich for highly vasculogenic iPS-ECs. The data also highlight the inability of the Matrigel tube formation assay to assess vasculogenic potential of ECs, as no significant difference between the ECFC-ECs and iPS-ECs was detected.
Our investigations of the microvessels formed by the iPSECs demonstrate features of a mature vasculature. The microvessels demonstrate a continuous basement membrane that stained positively for laminin, a key extracellular matrix (ECM) protein involved in vessel stabilization and maturation. 62 This is in contrast to the iPS-ECs cultured in a 2D monolayer where laminin staining is discontinuous and localizes around the nucleus (Supplementary Fig. S5 ), as similarly observed in a previous study. 63 It is also interesting to note that the iPS-ECs in the device were cultured using EGM-2 for 14 days, a condition under which the iPS-ECs cultured in a 2D monolayer showed a propensity to dedifferentiate into cells with a stromal phenotype. These data suggest that the 3D culture of the iPS-ECs in the presence of fibroblasts can enhance the phenotypic commitment of the iPS-ECs. Cytokines released by fibroblasts have been demonstrated as a critical component in the formation of stable microvessels in vitro. 13, 64 Further studies are required to establish if these cytokines enhance the differentiation and maturation of iPS-ECs.
We demonstrated that the iPS-EC vessel network formation can be improved by the addition of a small molecule TGF-b inhibitor SB431542in the culture medium. SB431542 inhibits TGF-b signaling by blocking activin-like kinase (ALK) receptors 65 and is commonly used to enhance EC differentiation and expansion. 34, 36, 47, 54, 66 Using 2D tube formation assays, previous studies have shown that the addition of SB431542 in the culture medium can enhance area of coverage and total branch number of iPS-ECs. 54, 66 A similar response is observed in our 3D vasculogenesis assay using iPS-ECs, as the addition of SB431542 results in significant increases in both the total vessel area and the total vessel length. No significant increase in the average vessel diameter was observed, indicating that the increased branching of the vasculature leads to an increased total vessel area.
In conclusion, this study advances the current understanding of iPS-ECs and their utility in creating advanced MPS. The iPS-ECs demonstrate physiological functions in both 2D and 3D culture, and can be manipulated to create robust microvascular networks in microfluidic devices. By understanding the basic characteristics and behavior of iPSECs, the tissue engineering community can make informed decisions on the integration of iPS-ECs in advancing MPS as well as other tissue engineering platforms.
